The present work demonstrates a fibre-laser system with automatic electronic-controlled triggering of dissipative soliton generation mode. Passive mode locking based on the effect of non-linear polarisation evolution has been achieved through a polarisation controller containing a single low-voltage liquid crystal plate whose optimal wave delay was determined from analysis of inter-mode beat spectrum of the output radiation. 
Introduction
Fibre lasers mode-locked due to non-linear polarisation evolution (NPE) [1] [2] [3] [4] [5] are unique light sources with broadly controllable pulse duration, energy, and a variety of possible output pulse shapes. They have been reported to produce pulses under 36 fs [6] , pulse energies of ~4 µJ (without any additional amplification) [7] , as well as rectangular [8] shape, parabolic [9, 10] shape, and other pulse shapes and structures [11] [12] [13] . Their wide choice of output radiation parameters [14] draws a great deal of attention to these fibre lasers from both the research community and the industry. They suffer, however, from lack of reliable and easily adjustable means of intra-cavity polarisation control. Such controllers based upon mechanical deformation of optical fibre [15, 16] (the fibre-coil or rotatable fibre squeezer approach) cannot, as a rule, retain their set parameters for long periods because of plastic deformations in the optical fibre made of amorphous fused silica. Free-space discrete wave plates [17] or electro-optic crystals [18] may also be used as polarisation controllers with the caveat that there must be at least three such elements in order to cover all possible polarisation states: one half-wave phase element and two quarter-wave ones (Q-H-Q waveplate combination [16] ). These elements feature long-term stability, although simultaneous automatic control over three polarisation control components poses certain algorithmic challenges. In addition, discrete wave plates must be rotated with relatively slow electro-mechanical drives, and fast electro-optical crystals require high voltages. Therefore, development of a better self-starting mode-locking mechanism in NPE fibre lasers remains an important problem of modern technology.
Application of liquid-crystal based elements (wave plates, photonic fibres, etc.) is a promising approach to the development of an improved electrically-driven polarisation controller [19] [20] [21] [22] [23] [24] . This publication presents an implementation of such a possibility and at the same time demonstrates for the first time that a single non-waveguide nematic liquid crystal wave plate driven by a signal of only several volts can be used as a self-starter of passive mode locking in NPE fibre lasers.
Experimental set-up
A simplified schematic diagram of the demonstrated laser is given in Fig. 1 . The fibre laser's ring cavity contains the following main components: fibre-optical WDM for coupling of pump radiation, 2 m of active Er-doped fibre, 20 m of normal-dispersion (at 1.55 µm) fibre (NDF), optical isolator, fibre coupler, fibre-based polarisation beam splitter (PBS), and liquid-crystal variable retarder (LC) installed on a U-bench. All these elements are spliced together with single-mode optical fibre SMF-28, its total length amounting to 5 m. To ensure generation of dissipative solitons with relatively high energies [25, 26] , the net positive resonator dispersion was kept at the level of 1 ps 2 owing to a stretch of specialty MetroCore fibre with chromatic dispersion β 2 = 6 ps 2 at 1.55 µm. The studied fibre laser was powered with a maximum of 400 mW at 980 nm by coupling the pump radiation into the core of the active single-mode optical fibre through the fibreoptical WDM. The output radiation was branched out of the cavity through a 10% fibre coupler.
The fibre-optical polarisation beam splitter acted as a polarisation-selective element, the radiation from whose output was used for analysis of the laser generation mode. The output radiation was fed into a radio-frequency spectrum analyser by means of a photo-detector.
A single liquid crystal plate was used as variable active phase retarder to control the polarisation state of intra-cavity radiation within certain limits sufficient for starting modelocked operation. These limits could generally be set by inserting into the cavity additional manually-controlled phase elements, although in our particular case it was possible to avoid any such extra elements by careful manipulation of physical layout of the cavity fibre during the experiment set-up (adjustment of coiling radius, etc.).
In our studies, we could introduce into the resonator a phase delay of 0 to 0.6λ by applying a control voltage not exceeding 4 V to the liquid-crystal plate.
Algorithm of programmatically controlled mode lock starting and experimental results
Manual adjustment of pumping radiation power and the voltage applied to the liquid crystal plate did generally induce mode-locked operation, however mode locking starting in this way was not always of sufficient quality. For example, several pulses were observed on the period of cavity round trip time (multi-pulse mode) and mode locking was not stable. In order to determine the optimal control voltage on the liquid crystal cell, we studied its relation to the magnitude of the peak in the radio-frequency inter-mode beat spectrum. This magnitude was measured around the fundamental pulse repetition rate of 8 MHz. The maximum magnitude of this peak corresponded to the most stable mode-locked operation in the absence of any side features in the radio-frequency inter-mode beat spectrum (Fig. 2a) . As the magnitude slid off the maximum (due to changing bi-refringence in the liquid crystal cell), the mode lock stability worsened and additional satellite peaks could emerge beside the main one in the radio-frequency beat spectrum (Fig. 2b) . In this manner, the optimal control voltage on the liquid crystal cell corresponding to the best mode lock stability was established. Further on, we experimentally found out the levels of the laser pump intensity at which single-pulse mode locking was observed. On the basis of these results, an automatic algorithm of single-pulse mode lock triggering was proposed and successfully implemented. The temporal diagram of this algorithm is shown in the following Fig. 3 .
The starting phase (I) of the algorithm corresponds to ramping up the pump output power until the mode-locked operation is triggered. For the laser in question, the threshold level of pump radiation P thr , at which mode-locked operation was initiated regardless of the delay introduced by the liquid crystal element, was found to equal 250 mW. When this critical value was exceeded, an unstable multi-pulse mode-locked regime was generally started. After that, during phase II of the algorithm, the voltage applied to the liquid crystal cell was in turn ramped up to the optimal value V opt . Figure 3 demonstrates the full swing of voltages applied to the liquid crystal cell to illustrate the dependence of the magnitude of the peak of the radiofrequency inter-mode beat spectrum on this voltage (dashed line). However, in a practical implementation of the algorithm, the ramp-up of voltage V LC can be stopped at V opt . During the subsequent phase (III) of the algorithm, the pump radiation power was gradually reduced until the multi-pulse mode-locking operation transitioned to the single-pulse one. In the studied laser, this corresponded to the pump radiation power of 50 mW, the mean output power of the laser amounting to 2.5 mW. Fig. 3 . Time diagram of the programmatically controlled laser mode lock starting: P -pump radiation power; V -control voltage on the liquid crystal plate; dashed line -dependence of the magnitude of the peak of the radio-frequency inter-mode beat spectrum on the voltage applied to the liquid crystal cell.
Reduction of the pumping radiation power in phase III of the algorithm was also accompanied by a transformation of the laser's output radiation spectrum. At pumping power P > P thr , the output spectrum featured a central peak corresponding to laser's CW radiation and incomplete mode locking (Fig. 4, left) . In Fig. 4 (right) , we show the output spectrum of the laser at reduced pumping power that corresponds to complete mode locking and a stable single-pulse operation. Fig. 4 . Left -Optical spectrum of the output radiation at the pump power equal to P thr ; rightoutput radiation spectrum at the pump power equal to P w .
In order to measure the pulse duration, the laser's output power was boosted to 100 mW with an external amplifier made of 4-m long DC Er/Yb fibre. Since the amplifier had anomalous net dispersion, the generated pulses were additionally compressed in the process. Auto-scanning correlator FS-PS-Auto from Tekhnoscan was used in these measurements. The recorded auto-correlation function is presented in Fig. 5 and corresponds to pulses with approximately 170-fs duration. The amplified pulses are close to being spectrally limited, taking into account the radiation spectrum width of 23 nm (Fig. 4, right) . 
Conclusions
The present work has for the first time demonstrated an Er-fibre laser with automatic programmatically controlled starting of passively mode-locked operation based on the effect of non-linear polarisation evolution of radiation. A single liquid-crystal wave plate with phase delay controllable through application of low voltage (few V) was used to trigger modelocked operation. The proposed and successfully tested algorithm for automatic triggering of stable single-pulse mode locking opens new prospects of practical application of fibre lasers, in which mode locking is achieved through non-linear polarisation evolution of radiation.
The created laser ensured reliable triggering of stable mode-locked regime even in the presence of mechanical perturbations leading to its collapse. It has also proven insensitive to local changes in the laser cavity temperature within the range of 20 °C to 100 °C. Therefore, the proposed algorithm of automatic starting of stable single-pulse mode-locked operation in fibre lasers not relying upon saturable absorbers (which suffer from limited life time) will enable development of reliable ultrafast fibre lasers insensitive to external perturbations.
